Animals often must decide whether or not to consume a diet that contains competing attractive and aversive compounds. Here, using the fruit fly, Drosophila melanogaster, we describe a mechanism that influences this decision. Addition of bitter compounds to sucrose suppressed feeding behavior, and this inhibition depended on an odorant-binding protein (OBP) termed OBP49a. In wild-type flies, bitter compounds suppressed sucrose-induced action potentials, and the inhibition was impaired in Obp49a mutants. However, loss of OBP49a did not affect action potentials in sugar-or bitter-activated gustatory receptor neurons (GRNs) when the GRNs were presented with just one type of tastant. OBP49a was expressed in accessory cells and acted non-cell-autonomously to attenuate nerve firings in sugar-activated GRNs when bitter compounds were combined with sucrose. These findings demonstrate an unexpected role for an OBP in taste and identify a molecular player involved in the integration of opposing attractive and aversive gustatory inputs.
INTRODUCTION
Most foods are comprised of complex mixtures of different tastants, such as sweet and bitter compounds. Consequently, animal food preferences are decided by interactions between multiple constituents, many of which modulate the appeal or aversion of the component tastants. Suppression of the attractiveness of sweet-by bitter-tasting compounds has a strong survival benefit. Many tastants that are perceived as bitter are toxic, and thus inhibition of stimulatory feeding behavior by these chemicals is critical.
When deterrent chemicals are present together with phagostimulatory tastants, they inhibit feeding by acting on two types of gustatory receptor cells. Aversive chemicals in foods not only stimulate deterrent taste cells but also inhibit taste receptor cells that are activated by attractive compounds. This interaction between bitter and attractive gustatory stimuli has been observed in a wide array of vertebrate and invertebrate animals (Glendinning, 2007) . Most studies dealing with the interactions between deterrent and attractive tastants have focused on quinine, a prototypical bitter compound. Electrophysiological recordings in hamsters show that the response to sucrose is inhibited by quinine (Formaker et al., 1997) . In the catfish, quinine inhibits the positive gustatory response of several amino acids (Ogawa et al., 1997) . Bitter compounds such as quinine are also aversive to flies (Tompkins et al., 1979) , and suppress sugar-evoked firings in gustatory receptor neurons (GRNs) (Meunier et al., 2003) .
Suppression of the stimulatory effect of attractive tastants by deterrent compounds could take place in the taste receptor cells or in higher-processing central pathways. While both sites might contribute to inhibition of sugar attractiveness by quinine, there is evidence that the afferent taste receptor cells are important for this phenomenon (Formaker et al., 1997; Talavera et al., 2008) . Multiple mechanisms have been proposed to account for inhibition of sweet taste by quinine and other bitter compounds within the peripheral region of the gustatory system. The bitter-sweet interaction could be a consequence of lateral inhibition of sugar-responsive gustatory receptor cells by bitter-activated neurons, similar to the inhibition of olfactory receptor neurons (ORNs) following activation of neighboring ORNs (Vandenbeuch et al., 2004; Su et al., 2012) . Chemical interactions between the sugars and bitter compounds might also inhibit the attractiveness of the sugars. Competition of sugars and bitter chemicals for the same receptor is also plausible. An important insight into this issue was provided by the demonstration that the effectiveness of the mammalian TRP channel TRPM5, which is indirectly activated by sugars via a G-protein-coupled signaling pathway, is inhibited by quinine (Talavera et al., 2008) . Thus, TRPM5 may provide one molecular mechanism through which quinine inhibits the attractiveness of sugars.
In Drosophila, the molecular mechanism underlying the bittersweet interaction has been largely unexplored. According to an electrophysiological analysis, the site of this interaction is likely to be in the gustatory bristles (sensilla), which house the GRNs and accessory cells, and involve the taste receptors (Meunier et al., 2003) . In fly GRNs, the largest class of taste receptors is referred to as gustatory receptors (GRs), which are distantly related to olfactory receptors (ORs) (Clyne et al., 1999 (Clyne et al., , 2000 Gao and Chess, 1999; Vosshall et al., 1999; Robertson et al., 2003; Scott, 2004; Montell, 2009) . The ORs are more extensively characterized than the GRs, and are distinct from mammalian olfactory and taste receptors because fly ORs are cation channels (Sato et al., 2008; Wicher et al., 2008) . Thus, ORs have provided the framework for many of the studies that focused on GRs, which may also be cation channels (Sato et al., 2011) .
The direct ligand for at least one OR, OR67d, may not be the olfactory cue itself. Rather, there is evidence that the ligand for OR67d is an odorant-binding protein (OBP) , which is an extracellular protein present in the endolymph (Laughlin et al., 2008) . The OBP referred to as Lush binds in vitro to OR67d when Lush is bound to a volatile pheromone (Laughlin et al., 2008) . The actual receptor complex appears to be comprised of OR67d and a CD36-related protein, SNMP (Laughlin et al., 2008) . However, whether Lush serves as the ligand in vivo remains to be resolved (Gomez-Diaz et al., 2013) .
Some OBPs are expressed in gustatory sensilla (McKenna et al., 1994; Pikielny et al., 1994; Ozaki et al., 1995; Galindo and Smith, 2001; Shanbhag et al., 2001; Koganezawa and Shimada, 2002; Sá nchez-Gracia et al., 2009; Yasukawa et al., 2010) , although the family of 52 OBPs were identified originally in olfactory sensilla and are referred to as ''odorant-binding proteins'' (Vogt and Riddiford, 1981) . The roles of most OBPs have not been reported, even in the olfactory system. Mutations affecting two OBPs that are expressed in taste sensilla (OBP57d/ e) have been described. However, the contribution of these two OBPs to gustatory behavior appears to be small (Matsuo et al., 2007; Harada et al., 2008) . Thus, the functions of OBPs in the gustatory response are largely unknown.
Here, we report an unexpected role for a Drosophila OBP, referred to as OBP49a. Loss of OBP49a had no impact on the production of action potentials in response to any deterrent or attractive compound tested. Rather, OBP49a was expressed in accessory cells and required by sweet-activated GRNs for suppression of the attractive sugar responsive by bitter compounds. These findings provide a molecular handle on the enigmatic phenomenon by which a deterrent compound inhibits the phagostimulatory signal of an attractive tastant in flies.
RESULTS

OBPs Are Enriched in Taste Organs
In a previous study, we performed a DNA microarray analysis and identified Drosophila genes that were expressed preferentially in gustatory sensilla on the main taste organ, the labellum . In this analysis, we found that several genes encoding OBPs were the genes that were the most highly enriched in gustatory sensilla. To evaluate the reliability of the microarray data, we performed quantitative PCR. We prepared total RNA from the labella of control flies (w
1118
) and from a mutant (poxn) in which the chemosensory bristles were transformed into mechanosensory bristles (Awasaki and Kimura, 1997) . The enrichment profiles of each of the four Obp genes examined were similar to the microarray results (Figures 1A Obp Genes with Enriched Expression in the Labella, and Generation of the Obp49a Mutant (A) Relative expression of Obp RNAs in the labella of wild-type and poxn mutants. RNA expression was analyzed by microarray analysis (blue bars) and real-time PCR (red bars). Real-time PCR analysis was performed using RNA prepared from separate males (M) and females (F). The numbers on the y axis are arbitrary units that indicate relative rather than absolute levels of the various RNAs. Shown are the means ± SEM (n = 3, microarray data; n = 4-6, real-time PCR Figure S1 .
and 1B). There were no major differences in the expression levels of the Obps in males and females.
Generation of Mutations in Obp56g, Obp19b, Obp49a, and Obp57c
To survey the roles of OBPs in the gustatory response, we generated mutations affecting four Obp genes. Three of the mutations disrupted Obp56g, Obp19b, and Obp49a, which were the genes most enriched in gustatory organs ($100-to 800-fold; Figure 1A ). In addition, we mutated the Obp57c gene, which was enriched in taste sensilla to a lower extent ($5-fold; Figure 1A ). To simultaneously create mutations and gene reporters, we used ends-out homologous recombination. We generated a modified targeting vector, pw35loxPGAL4, which included the GAL4 reporter juxtaposed to the mini-white marker gene (Figure 1C) . We flanked both genes with loxP sequences to allow for removal of these genes with Cre recombinase. This would provide flexibility in cases in which it would be useful to introduce Figure S2 .
other reporters in combination with the mutations. We replaced the entire coding regions of Obp56g, Obp19b, and Obp49a with the GAL4 and mini-white coding sequences ( Figure 1D ; Figures S1A and S1B available online). To disrupt Obp57c expression, we substituted the start codon with a stop codon so that the neighboring, overlapping gene, Obp57b, would be minimally affected ( Figure S1C ). We confirmed each Obp knockout by PCR analysis of genomic DNA ( Figures  1E and S1 ).
OBP49a-Deficient Flies Showed
Reduced Avoidance of Sugar/Bitter Cocktails To address whether the Obp mutations affected gustatory behavior, we performed two-way choice assays. The flies were given a choice between 1 mM sucrose and 5 mM sucrose mixed with either red or blue food coloring. After allowing the flies to feed for 90 min, we determined the preference indexes. All four mutant flies showed normal preferences for the higher concentration of sucrose ( Figure S2A ). When bitter compounds are combined with 5 mM sucrose, wild-type flies prefer the 1 mM sucrose (Moon et al., 2006; Lee et al., 2009 (Figures 2A, 2B , and S2B-S2E). In contrast, mutation of Obp49a impaired the avoidance to a wide array of bitter compounds, including papaverine, berberine, denatonium, quinine, caffeine, and strychnine (Figures 2 and S2B-S2E). The only exception was L-canavanine avoidance, which did not depend on any of the Obp mutants tested ( Figure S2F ). The decreased avoidances to the bitterchemical/5 mM sucrose mixtures were similar to those elicited by mutation of the broadly required gustatory receptor, Gr33a (Figures 2A, 2B , and S2B-S2D). We obtained Obp49a D flies by excising the GAL4 and white genes. Obp49a D animals displayed the same defects in avoidance to the sucrose/aversive compound cocktails as the Obp49a 1 animals ( Figures 2C-2H ).
OBP49a Is Expressed in Thecogen Cells
To test for expression of Obp49a in the major taste organ, the labellum, we took advantage of the GAL4 reporter inserted in the Obp49a locus to drive expression of UAS-mCD8::GFP. The GFP was expressed broadly in many cells in the labellum ( Figure 3A ). To confirm the spatial distribution in the labellum, and to determine the cell type that expressed OBP49a, we raised OBP49a antibodies. The anti-OBP49a recognized a protein of the predicted size (23 kDa) in the labellum of the wild-type but not in Obp49a 1 or Obp49a D ( Figure 3B ). We performed immunocytochemistry and found that the anti-OBP49a signal was associated with all of the chemosensory sensilla in wild-type but not Obp49a 1 labella ( Figure 3C ). We double labeled labella from Obp49a 1 /UAS-mCD8::GFP flies with anti-GFP and antiOBP49a. The anti-OBP49a signal was distributed more broadly than the anti-GFP staining ( Figure 3A ), indicating that the reporter was expressed in a subset of OBP49a-positive cells.
The 31 taste sensilla on each side of the labellum are classified into L-, I-, and S-types depending on their relative position and length (Vosshall and Stocker, 2007; Montell, 2009) . L-and S-type sensilla house four GRNs, and I-type sensilla contain two GRNs. Each sensillum also has three different types of accessory cells: tricogen (shaft), tormogen (socket), and thecogen (sheath). To address whether OBP49a was expressed in GRNs, we expressed the UAS-mCD8::GFP reporter under control of the Gr5a-GAL4, which labels GRNs that respond to attractive compounds such as sugars (Thorne et al., 2004; Wang et al., 2004) . In addition, we used transgenic flies that expressed GFP in GRNs that are activated by aversive compounds such as caffeine and quinine (Gr66a-I-GFP) (Wang et al., 2004) . AntiOBP49a staining did not overlap with either of these markers ( Figures 3D and 3E ), indicating that OBP49a was expressed in other cells in close proximity to cells marked with the Gr5a and Gr66a reporters.
To determine which nonneuronal cell type expressed OBP49a, we used markers that stained either the tormogen (ASE5-GFP) or the thecogen (nompA-GAL4) (Barolo et al., 2000; Chung et al., 2001 ). Anti-OBP49a was distributed in nompA-positive cells, indicating that OBP49a was in thecogen cells, but not in cells expressing the ASE5 reporter ( Figures 3F and 3G) . Moreover, the nompA-GAL4 reporter in combination with UAS-Obp49a restored normal aversion to bitter-compound/5 mM sucrose mixtures in the Obp49a D mutant background ( Figures 2C-2H ).
Requirement for OBP49a for Suppression of SucroseInduced Action Potentials by Bitter Chemicals
In the olfactory system, the OBP referred to as Lush impacts the activity of a subset of ORNs (Xu et al., 2005) . Thus, in the gustatory system, OBP49a might contribute to the decreased attraction to 5 mM sucrose in the presence of a bitter tastant by affecting the activity of GRNs. If so, OBP49a could act on either of two different types of GRNs. OBP49a could promote the activity of GRNs that respond exclusively to aversive compounds. Alternatively, OBP49a might be needed to suppress GRNs that are activated by sugars.
To address whether the activities of either the sugar-or bitterresponsive GRNs were altered in Obp49a mutant labella, we performed tip recordings, which measure nerve firings elicited (D-G) OBP49a was expressed in thecogen cells. The cellular distribution of OBP49a was examined by comparing the spatial distribution of cell-typespecific markers with anti-OBP49a: (D) Gr5a-GAL4/UAS-mCD8::GFP (sweet GRNs), (E) Gr66a-I-GFP (bitter GRNs), (F) nompA-GAL4/UAS-mCD8::GFP (thecogen), and (G) ASE5-GFP (tormogen). Scale bars represent 50 mM.
by tastants. We focused on L-type sensilla to monitor sucroseinduced action potentials, and S-type sensilla to assay the responses to bitter compounds. Application of sucrose to L-type sensilla (L3, L4, L5, and L6), or aversive chemicals to S-type sensilla (S3, S5, S6, and S10), resulted in virtually the same frequencies of action potentials in wild-type and Obp49a 1 animals ( Figure 4 ).
The above data indicated that OBP49a was not required for stimulation of GRNs by either sweet or bitter compounds. Therefore, we explored the possibility that OBP49a was required for inhibition of the sweet response by bitter chemicals. L-type sensilla house GRNs that are activated by sugars, water, low salt, and high salt, but they do not respond to bitter chemicals (Hiroi et al., 2004; Weiss et al., 2011) , thereby allowing us to assay inhibition of sucrose-elicited spikes by bitter chemicals. As described above, L-type sensilla from either wild-type or Obp49a 1 flies displayed robust action potentials in response to 10 mM sucrose. When we exposed wild-type L-type sensilla to 10 mM sucrose combined with bitter chemicals, the responses were inhibited in a dose-dependent manner ( Figures 5A-5F ). The responses inhibited by bitter chemicals were generated by sugar-activated GRNs rather than water GRNs, because we observed the same extent of inhibition by bitter chemicals in flies missing a channel that is required for water sensitivity, Pickpocket28 (Ppk28; Figures S3A-S3C; Cameron et al., 2010; Chen et al., 2010) .
Of significance here, inhibition of the sucrose-induced action potentials by bitter chemicals was greatly reduced in Obp49a 1 and Obp49a D flies ( Figures 5A-5F ). The impairments in inhibition of sucrose-stimulated nerve firings by aversive chemicals were rescued by expression of wild-type OBP49a in thecogen cells using the GAL4/UAS system (Figures 5A-5F ). The contribution of OBP49a to inhibition of the sucrose response by aversive compounds was broad, as the impairments occurred in response to a wide range of aversive tastants. Mutation of Obp49a had no impact on action potentials in L-type sensilla when the sucrose was combined with L-canavanine ( Figure 5G ). This was expected since L-canavanine did not suppress sucrose-induced nerve firings in wildtype (Figures 5G).
The above results suggest that OBP49a is required for inhibiting sucrose-responsive GRs, which may be cation channels (Sato et al., 2011) . To test whether bitter compounds and OBP49a might affect the activity of another Drosophila cation channel, we ectopically expressed TRPA1 in sugarresponsive GRNs under the control of the Gr5a-GAL4. TRPA1 was activated by N-methylmaleimide to the same extent in the presence or absence of either berberine or OBP49a ( Figures  S3E-S3H ). Because bitter chemicals can inhibit water spikes, we examined whether OBP49a was also involved in the inhibition of water spikes by bitter chemicals (Meunier et al., 2003) .
wild-type
Application of 1 mM KCl evoked nerve firings in L-type sensilla from wild-type and Obp49a 1 flies, but not in the Dppk28 mutant, indicating that the spikes were from water-responsive GRNs ( Figure S3D ). Increasing concentrations of bitter chemicals reduced water spikes in L-type sensilla to the same extent in both wild-type and Obp49a 1 flies ( Figure S3D ). Thus, OBP49a was dispensable for the suppression of the water response by bitter chemicals.
Nonredundant Roles for OBP49a and GR33a in Sensing Bitter Chemicals
The preceding tip-recording analysis indicated that OBP49a participated in suppression of the behavioral attraction to sweet compounds by bitter tastants by attenuating the action potentials in sucrose-activated GRNs. Alternatively, if Gr33a and Obp49a acted through a common mechanism in the same GRNs, then the phenotypes of the double and single mutants would be expected to be the same.
We found that the defect in avoidance of the aversive chemical/sucrose cocktail was more severe in the Gr33a 1 ,Obp49a 1 double-mutant animals than in Gr33a 1 or Obp49a 1 flies ( Figures   6A-6E ). The only exception was with strychnine ( Figure 6F ), which was consistent with our previous finding that Gr33a 1 flies did not display a behavioral defect in strychnine avoidance . These findings support the conclusion that OBP49a and GR33a are involved in bitter chemical sensing through distinct pathways.
Rescue of the Obp49a Phenotype by Tethering OBP49a to GR5a-Expressing Cells OBPs are secreted into the extracellular endolymph in chemosensory sensilla, and therefore have the potential to function non-cell-autonomously. The finding that mutation of Obp49a impaired the suppression of sucrose-induced action potentials by bitter compounds indicated that OBP49a normally acted on sugar-responsive GRNs. To test this proposal, we expressed a membrane-tethered version of OBP49a so that OBP49a would be displayed extracellularly but remain attached to the expressing cells. To do so, we generated transgenic flies expressing a form of OBP49a that was fused at the C-terminal end to a MYC linker and a transmembrane domain from the platelet-derived growth factor receptor (OBP49a-t) ( Figure 7A ). We used the 
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GAL4/UAS system to express UAS-Obp49a-t in sugaractivated GRNs (Gr5a-GAL4), bitter-activated GRNs (Gr33a-GAL4), or thecogen cells (nompA-GAL4), which synthesize OBP49a. We found that Obp49a-t restored normal suppression of the sucrose response in Obp49a D animals, but only if it was expressed in sugar-activated GRNs. This included normal behavioral suppression ( Figures 7C-7F ) and inhibition of sucrose-induced action potentials by bitter compounds such as berberine, denatonium, quinine, and caffeine (Figures 8A-8C and S4A). This was not due to a nonspecific effect of OBP49a-t on sugar-activated GRNs, because expression of UAS-Obp49a-t under the control of Gr5a-GAL4 did not alter either the behavioral or electrophysiological responses to sucrose ( Figures 7B and S4B) . Expression of Obp49a-t either in GRNs that are activated by bitter compounds or in the thecogen cells did not rescue the Obp49a D phenotype (Figure 7 ). 
Binding of Bitter Compounds to OBP49a
The requirement for OBP49a for bitterinduced suppression of the sugar response raised the possibility that it binds to aversive tastants. To test for direct interactions of OBP49a with bitter chemicals, we employed surface plasmon resonance (SPR). We ectopically expressed UAS-Obp49a in compound eyes under the control of GMR-GAL4, purified OBP49a from head extracts, and coupled the protein to sensor chips. We found that berberine, denatonium, and quinine bound to OBP49a in a dose-dependent manner (Figures 8D-8F ). In contrast, sucrose did not bind to OBP49a (Figure 8G ), suggesting that OBP49a specifically interacted with bitter chemicals.
Close Association of OBP49a and GR64a
The OBP49a-dependent suppression of the sucrose response by bitter compounds suggested that OBP49a might physically interact with the sucrose receptor. At least two GRs are required for sucrose detection. These include GR64a (Dahanukar et al., 2007; Jiao et al., 2007) and GR64f, which is required for sensing nearly all sugars, including sucrose, and may be a coreceptor for sugar-responsive GRs (Jiao et al., 2008) .
To test whether OBP49a was in close proximity to GR64a or GR64f (Dahanukar et al., 2007; Jiao et al., 2007) and might therefore associate directly, we employed a yellow fluorescent protein (YFP)-based protein complementation assay (PCA). YFP can be split into two complementing fragments, and fluorescence is generated only when the separated parts are brought together. To address whether OBP49a was juxtaposed or interacted with either GR64a or GR64f in vivo, we generated UAS-transgenes encoding the N-terminal YFP fragment YFP(1) fused to the N termini of GR64a and GR64f, and the C-terminal YFP fragment YFP(2) linked to the C termini of OBP49-t. As a control, we used a previously described transgene, UAS-SNMP1:YFP(2), which encoded YFP(2) linked to a CD36-related receptor, SNMP1 (Benton et al., 2007) . SNMP1 functions in pheromone detection in ORNs (Benton et al., 2007) . We expressed these constructs in sugar-responsive GRNs under control of the Gr5a-GAL4.
We assayed for YFP-based protein complementation by dissecting labella from the transgenic flies and performing confocal microscopy. There was no fluorescence visible in labella isolated from flies harboring the transgenes encoding 
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H Figure 8. Cellular Requirement for OBP49a-t and Testing for Interactions between OBP49a and Bitter Tastants and GR64a
(A-C) Tip recordings were performed using the indicated sensilla and genotypes. Shown are representative traces and the mean numbers of action potentials (±SEMs; n = 8-11) induced by 10 mM sucrose plus the indicated bitter tastant (A) 10 mM berberine; (B) 10 mM denatonium; (C) 10 mM quinine. The asterisks indicate statistically significant differences between Obp49a D ;+/ UAS-Obp49a-t and Obp49a D ;Gr5a-GAL4/UASObp49a-t flies (**p < 0.01). (D-G) Sensorgrams showing binding between bitter tastants and OBP49a using the BIAcore system. The indicated concentrations of tastants were allowed to interact with the OBP49a, which was bound to CM5 chips. R.U., relative resonance units. (H-K) Protein complementation assay using the split YFP approach. Labella were dissected from transgenic flies expressing the indicated YFP(1) and YFP(2) fusion proteins in Gr5a GRNs, under control of the GAL4/UAS system. In some cases, 100 mM berberine was applied to sensilla for 1 min before dissection. The scale bar in (H) represents 10 mm and applies to all panels in (H)-(K). See also Figure S4 . just a single YFP(1) or YFP(2) fusion protein, such as YFP(1):GR64a or OBP49a-t-YFP(2) ( Figure 8H ). In contrast, coexpression of YFP(1):GR64a and OBP49a-t-YFP(2) in sugar-responsive GRNs produced a strong signal (Figure 8I) . To address whether a bitter chemical might enhance the fluorescence, we dipped the labella from immobilized flies in berberine before dissecting the labella. However, exposure to this bitter tastant had no impact on the fluorescence (Figure 8I) . We did not detect signals when we expressed OBP49a-t-YFP(2) with YFP(1):GR64f ( Figure 8J ). The combination of YFP(1):GR64a with SNMP1-YFP(2) also did not produce fluorescence ( Figure 8K ). These findings support the conclusion that OBP49a either interacts with or is adjacent to GR64a.
DISCUSSION
Many bitter-tasting chemicals are toxic (Glendinning, 2007) . Therefore, the ability of animals to suppress their attraction to sugars and other nutritious foods that are laced with bitter tastants is critical for survival. Consequently, this avoidance behavior is conserved throughout the animal kingdom. Nevertheless, the molecules and molecular mechanisms through which positive feeding behavior is inhibited by deterrent compounds are poorly unexplored in most animals, such as the fruit fly.
Potentially, there are multiple neural mechanisms that could explain how aversive tastants suppress the otherwise stimulatory effects of sweeteners and other attractive compounds. Animals ranging from flies to humans have separate taste receptor cells devoted to sensing bitter and sweet tastants, and the suppression of sweet by bitter compounds could take place through integration of separate inputs in the brain. There could also be lateral interactions in the periphery between separate sweet-and bitter-responsive afferent receptor cells. Alternatively, a bitter compound might directly suppress sweet-activated taste receptor cells.
In this study, we unexpectedly identified a mechanism through which an array of bitter compounds inhibited the stimulatory effects of sucrose in flies. This work emerged from a functional analysis of OBPs in Drosophila taste, and was motivated by the finding that multiple Obp genes were highly enriched in taste sensilla (McKenna et al., 1994; Pikielny et al., 1994; Ozaki et al., 1995; Galindo and Smith, 2001; Shanbhag et al., 2001; Koganezawa and Shimada, 2002; Sá nchez-Gracia et al., 2009; Yasukawa et al., 2010) , but their roles in the gustatory system were largely unexplored. We found that OBP49a was required for avoiding bitter-tasting compounds in a standard two-way choice assay consisting of 1 mM sucrose alone versus 5 mM sucrose plus bitter tastants. Because wild-type flies find bitter tastants aversive, they prefer the lower concentration of sucrose, when the higher concentration of sucrose is laced with tastants such as berberine, quinine, or denatonium. However, the Obp49a mutant animals were impaired in this avoidance behavior. The phenotype was similar to that resulting from elimination of GRs, such as GR33a and GR66a, which are broadly expressed in avoidance GRNs, and are necessary in these GRNs for induction of bitter-induced action potentials (Moon et al., 2006 Lee et al., 2009) . Unlike the Gr33a and Gr66a mutants, the decreased avoidance in the Obp49a 1 animals was not due to impairment of aversive tastant-induced action potentials in Gr66a-expressing GRNs.
We conclude that the decreased behavioral avoidance of the sucrose/aversive-chemicals mixture in Obp49a mutant flies was due to a deficit in the sugar-activated GRNs that express Gr5a, and not due to effects on GRNs activated by bitter compounds. In support of this conclusion, the Gr5a-and Gr66a-expressing GRNs from Obp49a 1 sensilla produced normal action potential frequencies in response to sugars and bitter compounds, respectively. However, when sucrose was combined with bitter tastants, the normal inhibition of the sugar-induced nerve firings was strongly impaired. OBP49a is therefore a molecule shown to promote the inhibition of the sucrose response by aversive chemicals in Drosophila. We propose that OBP49a, which is synthesized and secreted by thecogen cells into the endolymph, acts directly on sugaractivated (Gr5a-expressing) cells to inhibit sugar-induced action potentials, in response to bitter compounds. Further supporting this proposal, we rescued the Obp49a D mutant phenotype with a membrane-tagged version of OBP49a (OBP49a-t) that was restricted to the external surface of Gr5a-expressing cells, but not when OBP49a-t was confined to thecogen cells or Gr66a-expressing cells. Even though OBP49a was normally produced in thecogen cells, we were not able to rescue the Obp49a mutant phenotype when we expressed OBP49a-t in these accessory cells. Conversely, expression of an untagged version of OBP49a in thecogen cells fully restored the normal inhibition of sucrose-induced action potentials by bitter compounds. These findings demonstrate that OBP49a was required non-cell-autonomously by sugarresponsive cells.
Our findings indicate that at least one important cellular mechanism through which bitter and sweet taste is integrated occurs in the taste receptor neurons. However, the current study does not exclude that there may also be integration of bitter-and sugar-activated signals in the brain. Although Obp49a mutants showed a significant deficit in suppression of the sugar response by bitter compounds, the inhibition was not eliminated at the highest concentrations of the noxious tastants. Thus, there is an additional mechanism that contributes to inhibition of the sucrose response by bitter chemicals.
Mammals appear to use a similar cellular strategy for suppressing the appeal of sugars when they are mixed with the bitter compound quinine. In mammalian taste buds, sugars activate G-protein-coupled receptors, and the signaling pathway culminates with activation of the TRPM5 channel (Pé rez et al., 2002; Zhang et al., 2003) . Quinine has a profound effect on inhibiting TRPM5, thereby reducing the attraction to sugars (Talavera et al., 2008) . However, this TRPM5 mechanism may be relatively specific to quinine, since another bitter compound, denatonium, is $100-fold less effective at inhibiting TRPM5 (Talavera et al., 2008) . By contrast, the OBP49a-dependent mechanism described here participates in the inhibition of the sucrose response to a wide array of aversive tastants.
There are at least two possible molecular mechanisms through which localization of OBP49a at the cell surface of sugar-responsive GRNs inhibits these neurons. OBP49a binds directly to bitter compounds and either interacts with or lies in close proximity to the sucrose receptor GR64a. According to one possibility, OBP49a might deliver bitter chemicals to the cell surface of sugar-activated GRs, thereby greatly increasing the local concentration of bitter chemicals. The bitter chemicals might then bind to sugar-activated GRs, causing them to change from a high-affinity state to a low-affinity state for sugars. Alternatively, the bitter chemicals might not bind directly to sugar-activated GRs, even at very high concentrations. Rather, once bound to bitter tastants, OBP49a might undergo a conformational change that in turn inhibits the GR64a complex. Since GRs may be cation channels (Sato et al., 2011) , OBP49a might provide insects a mechanism by which bitter compounds suppress sugar-activated cation conductances.
EXPERIMENTAL PROCEDURES Fly Stocks
All fly stocks were maintained on conventional cornmeal-agar-molasses medium under 12 hr light/12 hr dark cycles at 25 C and 60% humidity.
70FLP, Sco/CyO, P[w + ,Cre], UAS-mCD8::GFP flies were obtained from the Bloomington Stock Center. Gr5a-GAL4 and Gr66a-I-GFP were provided by K. were provided by J.W. Posakony, Y.D. Chung, and L. Vosshall, respectively.
Construction of the pw35loxPGAL4 Vector
To generate pw35loxPGAL4, we modified the pw35GAL4 vector . We inserted loxP oligonucleotides into the NotI and Acc65I sites. Each oligonucleotide also included portions of the NotI and Acc65I sites so that these two restriction sites were preserved. The loxP sequences were in the same orientation so that we could remove the floxed mini-white and the GAL4 coding sequences after genetically introducing the Cre recombinase. DNA extending from the 5 0 end of the start codon, and a 3 kb genomic DNA extending from the 3 0 side of the start codon. This latter DNA included a stop codon at codon position one. Each homologous arm was subcloned into the pw35loxPGAL4 vector. The transgenic flies were generated by first obtaining random insertions of the transgenes (BestGene) and then by mobilizing the transgenes and screening for targeted insertions as described previously (Gong and Golic, 2003 and crossed to balancer flies, and the white-eyed flies progeny of the latter cross were subjective to genomic PCR analysis using primers P1 and P3.
Generation of the
Creation of Flies Expressing a Membrane-Tethered OBP49a-t To generate the UAS-Obp49a-t transgenic flies, we first amplified the Obp49a coding sequence lacking the translation stop codon from w 1118 labellar complementary DNA (cDNA) using the High Fidelity PCR kit (Roche), and cloned the cDNA into the pUAST vector. Sequences encoding the 10 aa MYC linker (EQKLISEEDL) and the transmembrane domain from the platelet-derived growth factor receptor were amplified from the pDisplay vector (Invitrogen), and cloned in-frame 3 0 to the coding region for Obp49a. We also subcloned the cDNA encoding Obp49a with a normal stop codon and without the sequences encoding MYC and the membrane-tethered tag (UAS-Obp49a) into the pUAST vector. The transgenic flies were generated by BestGene.
Real-Time PCR Analysis
We extracted total RNA from the labella of adult male and female wild-type and poxn flies using the Trizol reagent (Invitrogen), and generated cDNAs from 0.5 mg RNA using the SuperScript III First Strand Synthesis System (Invitrogen). Quantitative PCR was performed using an ABI7500 real-time PCR machine (Applied Biosystems) and the ABI SYBR Green system. Transcript levels were normalized to rp49 as an internal control, and the DDCT (CT = threshold cycle) method was used to calculate the relative amount of mRNAs. We repeated the experiments at least four times.
Anti-OBP49a Antibodies and Western Blots
Rabbit polyclonal OBP49a antibodies were raised to a synthetic peptide (CKPPRGPPPSAEDM; amino acids 199-212). Twenty labella were dissected from wild-type, Obp49a 1 , and Obp49a D flies, and homogenized in 13 SDS sample buffer with pellet pestles (Kimble-Kontes). The extracts were subjected to electrophoresis by SDS-PAGE and transferred to PVDF membranes (Millipore). The membranes were probed with primary antibodies against OBP49a (1:1,000) and tubulin (1:3,000, 12G10 from Hybridoma Bank), and then with peroxidase-conjugated anti-mouse or rabbit IgG secondary antibodies (1:5,000; Sigma).
Immunohistochemistry
Whole-mount fly labellar immunostaining was performed as described previously ) using anti-OBP49a (1:400) and mouse anti-GFP (1:400; Molecular Probes) primary antibodies, and anti-mouse-Alexa488 (1:400; Molecular Probes) and anti-rabbit-Alexa568 (1:400; Molecular Probes) secondary antibodies. The stained samples were mounted with Vectashield (Vector Laboratories) and visualized with a Zeiss LSM700 confocal microscope.
Chemicals
Sucrose, denatonium, quinine, papaverine, caffeine, strychnine, L-canavanine, sulforhodamine B, and KCl were purchased from Sigma-Aldrich. Berberine sulfate trihydrate and Brilliant Blue FCF were obtained from Wako Pure Chemical Industries.
Two-Way Choice Behavioral Tests
Binary food-choice assays were performed as described previously (Meunier et al., 2003; Moon et al., 2006) . Briefly, 3-to 6-day-old flies were starved for 18 hr and then placed in 72-well microtiter dishes. Each alternating well was filled with 1% agarose combined with one of two types of test mixtures. For the sucrose test, the wells contained either 5 mM or 1 mM sucrose. The aversion to bitter chemicals was assayed by comparing the preferences for 1 mM sucrose versus 5 mM sucrose plus the indicated concentrations of aversive compounds. To monitor food intake, one test mixture contained blue dye (Brilliant Blue FCF, 0.125 mg/ml) while the other contained red dye (sulforhodamine B, 0.2 mg/ml). After allowing the flies to feed for 90 min at room temperature in the dark, the animals were frozen at À20 
Electrophysiology
Tip recordings (Hodgson et al., 1955; Wieczorek and Wolff, 1989) were performed as described previously (Moon et al., 2006) . Briefly, we immobilized 1-day-old flies, which were kept on fresh fly food after eclosion, by inserting a glass capillary that was filled with Ringer's solution into the abdomen through to the head. This electrode also served as a reference electrode. The indicated labellar sensilla were stimulated with a recording electrode (10-20 mm tip diameter) containing the test tastants in 1 mM KCl as the electrolyte. The recording electrode was connected to a preamplifier (TastePROBE; Syntech). The signals were collected and amplified (103) using a signal connection interface box (Syntech) in conjunction with a 100-3,000 Hz band-pass filter. The inputs were also linked to a loudspeaker to facilitate audio monitoring. Recordings of action potentials were acquired at a 12 kHz sampling rate and analyzed with Autospike 3.1 software (Syntech). The spikes were sorted based on their amplitude for further quantitative analyses.
OBP49a Expression and Purification
OBP49a was expressed in fly eyes under the control of the long GMR-GAL4 (Wernet et al., 2003) . The fly heads expressing OBP49a in the eyes were separated from the bodies by agitation of frozen flies. Then 10 ml of collected fly heads was homogenized in 25 ml of 10 mM Tris-HCl, pH 7.4, 10% glycerol, using a motor-driven homogenizer and further homogenized with a Dounce homogenizer. The extracts were centrifuged for 10 min at 3,000 3 g, and the supernatants were ultracentrifuged at 4 C for 60 min at 100,000 3 g.
OBP49a was purified by serial use of HiTrap SP XL 5 ml and HiTrap Q XL 5 ml columns (GE Healthcare), followed by affinity purification with OBP49a antibodies. The purity of OBP49a was assessed by fractionation of the protein by SDS-PAGE and silver staining ( Figures S4C and S4D ).
SPR Binding Experiments
SPR was conducted using a BIAcore 3000 (GE Healthcare) at 25 C. Coupling of OBP49a to CM5 chips (GE Healthcare) was performed by injecting 0.1 mg/ml of protein with 10 mM sodium acetate, pH 4.0, at a 5 ml/min flow rate, and confirmed by an increase of 10,000 resonance units on the sensor chip. The chemicals were diluted to the indicated concentrations in continuous flow buffer (HBS-P [10 mM HEPES pH 7.4, 150 mM NaCl, 0.005% Surfactant P20]). Each analytic run was performed at a 30 ml/min flow rate. The chip matrix was regenerated using 20 mM NaOH after each binding analysis.
PCA
To obtain the UAS-YFP(1):Gr64a, UAS-YFP(1):Gr64f transgenic flies for the PCA, we first generated pUAST-YFP(1) by PCR amplifying a 462 bp YFP(1) fragment from pAKAR3EV (Komatsu et al., 2011) that extended from the Kozak sequence. This fragment was subcloned between the EcoRI and KpnI sites of pUAST. We then inserted the coding sequences of Gr64a and Gr64f into pUAST-YFP(1), so that YFP(1) was linked to the N termini of the GRs. To produce the pUAST-OBP49a-t-YFP(2) construct, we used pUAST-Obp49a-t to PCR amplify the OBP49a-t coding sequence that lacked the stop codon, and then inserted the fragment into pUAST. We then used pAKAR3EV as the template to PCR amplify two DNA fragments encoding a 116 amino acid long flexible EV linker and YFP(2), which encoded residues 155-237 of YFP. We inserted these DNA fragments adjacent to the 3 0 end of the OBP49a-t coding region. We expressed these transgenes, as well as UAS-Snmp1-YFP(2) (Benton et al., 2007) , under the control of Gr5a-GAL4. To apply berberine to the sensilla, we immobilized the flies with a glass capillary and dipped the labella into a solution containing 100 mM berberine for 1 min before dissecting the labella. We also immersed labella in 100 mM berberine/ 100 mM sucrose solutions, and obtained results indistinguishable from those generated with untreated labella or labella dipped in berberine only (data not shown). The labella were fixed with 4% paraformaldehyde in PBS-T (0.2% Triton X-100 in PBS) for 20 min. Fixed labella were washed with PBS-T three times, cut in half with a razor blade, and then mounted in VECTASHIELD (Vector Laboratories). Fluorescence was viewed in whole mounts of labella using a Zeiss LSM700 confocal microscope.
Data Analyses
All error bars represent SEMs. Unpaired Student's t tests were used to compare two sets of data. ANOVA with Tukey post hoc tests were used to compare multiple sets of data. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01).
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